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Abstract During the formation of the Earth’s core, the segregation of metallic liquids from silicate mantle
should have left behind evident geochemical imprints on both the mantle and the core. Some distinctive
geochemical signatures of the mantle-derived rocks likely own their origin to the metal-silicate differentiation
of the primitive Earth, setting our planet apart from undifferentiated meteorites as well as terrestrial planets
or moons isotopically and compositionally. Understanding the chemical evolution of terrestrial planetary
bodies requires knowledge on properties of both liquid iron alloys and silicates equilibrating under
physicochemical conditions pertinent to the deep magma ocean. Here we report experimental and
computational results on the pressure-induced structural evolution of iron-nickel liquids alloyed with carbon.
Our X-ray diffraction experiments up to 7.3 gigapascals (GPa) demonstrate that Fe-Ni (Fe90Ni10) liquids
alloyed with 3 and 5 wt % carbon undergo a polyamorphic liquid structure transition at approximately 5 GPa.
Corroborating the experimental observations, our ﬁrst-principles molecular dynamic calculations reveal
that the structural transitions result from the marked prevalence of three-atom face-sharing polyhedral
connections in the liquids at >5 GPa. The structure and polyamorphic transitions of liquid iron-nickel-carbon
alloys govern their physical and chemical properties and may thus cast fresh light on the chemical evolution
of terrestrial planets and moons.

1. Introduction
The large majority of the Earth’s core is liquid, with an outer liquid shell of ~96% by volume surrounding a
central solid inner core (Poirier, 1994). The core is generally considered to consist primarily of iron (Fe) alloyed
with ~5–8% nickel (Ni) and a considerable amount of lighter elements (Anders, 1977; Birch, 1964; Li & Fei,
2014; McDonough & Sun, 1995). The leading candidates for the light elements are sulfur (S), silicon (Si), oxygen (O), hydrogen (H), and carbon (C) (Birch, 1952, 1964; Li & Fei, 2014; Poirier, 1994). A number of terrestrial
planets and moons in our Solar System also likely possess partially or fully molten iron-rich cores (e.g., Chen
et al., 2008; Dasgupta et al., 2009; Hauck et al., 2013; Weber et al., 2011). The knowledge on the structure,
dynamics, and chemical evolution of the planetary cores thus hinges on the physical properties of liquid
Fe alloyed with light elements under high pressures and temperatures.
The actual identity and abundance of light elements in planetary cores remain as a chief unsolved question in Earth and planetary sciences, although it is crucial for our understanding of the chemical evolution
of the planets or moons. The Fe-S system is commonly assumed as the composition of planetary cores,
and its liquid properties are often used to construct models for the cores of terrestrial planets and moons,
such as Mercury (Chen et al., 2008; Hauck et al., 2013), Mars (Fei & Bertka, 2005; Stewart et al., 2007),
Ganymede (Hauck et al., 2006), and the Moon (Jing et al., 2014). Other systems involving Fe with one or
more light elements such as O, C, and Si, however, are likely as important based on our current understanding of planetary evolution. In the present study, the Fe-Ni-C system is considered, because of the
high cosmochemical abundance of carbon, frequent occurrence of Fe carbide phases in meteorites, and
high afﬁnity and solubility of carbon in Fe-Ni liquids under the core-mantle differentiation conditions
(Chen & Li, 2016; Dasgupta & Walker, 2008; Wood, 1993; Wood et al., 2013). Limited experimental data
on the thermoeleastic and viscoelastic properties of the Fe-Ni-C liquids, however, have restricted our discussion of carbon-bearing planetary core compositional models (Kuwabara et al., 2016; Sanloup et al.,
2011; Shimoyama et al., 2013, 2016; Terasaki et al., 2010).
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The structure, physical and chemical properties of molten Fe and its alloys with nickel and light elements
would advance our understanding of the chemical and physical processes during the core-mantle differentiation in the early history of the Earth and other terrestrial planetary bodies (Stevenson, 1981). One of the
striking but controversial phenomena of Fe and Fe-light-element liquids is the possible existence of
pressure-induced polyamorphic transitions, primarily based on characteristic features such as changes in
bond distance and density. By X-ray diffraction measurements, Sanloup et al. (2000) reported a structural
change in liquid Fe from bcc-like to bcc-fcc-like local order structure in the vicinity of the δ-γ-liquid triple point
at ~5 GPa, based on the appearance of two distinct subpeaks of the second peak in the pair distribution
function (PDF). In contrast, the splitting of the second peak of PDF was not obvious in the other two measurements of liquid Fe up to 6.4 GPa (Kono et al., 2015) and 58 GPa (Shen et al., 2004), respectively. Further, the
incorporation of certain light elements such as C in liquid Fe may signiﬁcantly alter the liquid structures and
properties. Notably for the Fe-C system, Shibazaki et al. (2015) inferred a liquid structure transition in
Fe-3.5 wt % C liquid at ~5 GPa from peak distance changes in their experimentally determined PDFs, but
detailed structural information of the liquid was lacking. Liquid structural transitions may also be inferred
from some observed changes in physical and chemical behaviors of liquid Fe alloys at high pressures. The
densities of Fe-5.7 wt % C (Sanloup et al., 2011) and Fe-3.5 wt % C (Shimoyama et al., 2013) both showed
marked changes at ~5 GPa. The nonlinear systematics in the metal-silicate partitioning behavior for trace
elements (i.e., Ni, Co, and W) were also assumed to result from the polyamorphic transition, inferred from a
liquid compressibility change in the Fe-C liquid (Sanloup et al., 2011).
Despite numerous attempts, the polyamorphic transitions of iron-rich liquids, however, remain elusive, largely due to subtle changes of the liquid structure and the ambiguities of liquid structural data such as the
observed PDFs reported in most previous studies for understanding liquid structure transitions. The intrinsic
nature of the structural evolution of the liquids with pressure, crucial for our understanding of the liquid properties, has been hardly investigated thoroughly. In the present study, we report the structure evolution of
liquid Fe90Ni10-5 wt % C and Fe90Ni10-3 wt % C (hereafter referred to as FeNi5C and FeNi3C, respectively)
alloys up to 7.3 GPa and 1773 K, using a synergistic approach by combining energy-dispersive X-ray
diffraction (EDXD) experiments with ﬁrst-principles molecular dynamics (MD) simulations. The cooperation
between experiments and calculations provides critical structural information of the liquids for our understanding of the intrinsic nature of the pressure-induced structural rearrangements of the liquids and the
resultant effects on the liquid properties.

2. Materials and Methods
2.1. High-Pressure Experiments
Our starting materials for FeNi5C and FeNi3C were Fe (99.9 + % purity, Aldrich Chemical Company) and Ni
(99.99% purity, Aldrich Chemical Company) powders mixed with graphite (99.9995% purity, Alfa Aesar
Company) powder. The mixtures were ground in acetone using an agate mortar for more than 1 h to achieve
composition homogeneity and then dried in a vacuum oven at high temperature (~383 K) for overnight
before being sealed in glass vials. The powder samples were cold pressed to cylinders of 1 mm in diameter
and 1 mm in length and placed in the boron nitride capsule. The high-pressure experiments were carried out
at the High Pressure Collaborative Access Team (HPCAT) Sector 16-BM-B beamline of the Advanced Photon
Source (APS), Argonne National Laboratory, using the VX-3 type Paris-Edinburgh press (Figure S1 in the supporting information) (Kono et al., 2014). The temperatures were estimated from the power curve at each load
(Kono et al., 2014), and the pressures of the sample were estimated based on the thermal equation of state of
MgO as well as the calibrated pressure gradient in the cell assembly at each temperature (Kono et al., 2014).
The uncertainty of the pressures is estimated to be up to 0.15 GPa, and the temperature uncertainty is
approximately 25 K (Kono et al., 2014).
At each experimental run, the cell assembly was cold compressed to the target load in the Paris-Edinburgh
press and then sintered at 1073 K for at least 0.5 h to minimize the possibilities of liquid sample leaking.
The sample was further heated to the target temperature at the rate of approximately 1 K per second. The
disappearance of crystalline diffraction peaks was utilized as the criterion of the onset of sample melting
(Figure 1). The multiangle EDXD measurements were used to determine the liquid structure of the FeNi5C
and FeNi3C alloys up to 7.3 GPa (Table 1). The EDXD data were collected at various 2θ angles (4°, 5°, 7°, 9°,
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12°, 16°, 21°, 27°, and 33°) (Figure S2). For each set of EDXD measurements, the total structure factor, S(q), was obtained by merging the fragmented structure factor at those 2θ angles with respect to the highest
angle fragment. An evenly spaced S(q) was obtained after errorweighted spline smoothening of overlapped structure factor fragment
(Figures S2 and S3a). The reduced PDF, G(r), was obtained by iteration
of the Fourier and inverse Fourier transformation of the S(q) using a
maximum q range of 18.0 Å1 by an Igor Pro (WaveMetrics, Lake
Oswego, OR, USA) procedure by Kono et al. (2014) (Figure S3b). As the
oscillatory features of the structure factor persist at the qmax, a resolution
broadening correction function, known as the Lorch function, was utilized to remove the artifact “ghost ripples” in the PDFs (Kono et al., 2014).
2.2. Theoretical Calculations
The ﬁrst-principles MD simulations were based on the density functional
theory and plane wave basis sets as implemented in Vienna Ab initio
Simulation Package (VASP) (Kresse & Furthmüller, 1996). The projector
augmented wave method and exchange correlation as parameterized
by the Perdew, Burke and Ernzerhof functional (PBE) were applied in
the generalized gradient approximation (Blöchl, 1994; Perdew et al.,
1992). A supercell containing 140 Fe, 14 Ni, and 38 C was created for calculation. For Fe, eight electrons (3d and 4s) were treated as valence electrons and the core electrons had [Ar]
conﬁguration. For Ni, 10 electrons were treated as valence electrons and the core electrons had [Ar] conﬁguration. For C, four electrons were treated as valence electrons and the core electrons had [He] conﬁguration.

Figure 1. The EDXD patterns before and after melting the sample (Fe90Ni10)5 wt % C collected at 15°. The EDXD pattern before melting can be indexed
by bcc-Fe (space group Im3m) and fcc-Ni (space group Fm3m) phases.
Graphite phase is not shown in the EDXD pattern before melting because the
carbon atom has an X-ray scattering factor 50 times lower than Fe and Ni.
The X-ray diffraction pattern for the liquid was scaled up for clarity.

All the calculations were performed with a system size of 192 atoms, and the energy cutoff for the plane wave
basis was set to 520.00 eV, and Γ point Brillouin zone sampling for the molecular dynamic simulations.
Ferromagnetic ordering was initiated at the start of molecular dynamic
simulations but allowed to evolve during the equilibration simulations.
Table 1
Molecular dynamic simulations were performed using a constant numPeak Positions for the Integrated First and Second Atomic Shells
ber, volume, and temperature (NVT) ensemble with the Nosé-thermostat
r2s (Å)
r2m (Å)
P (GPa)
T (K)
r1 (Å)
for ~3 ps for equilibration, which was checked by monitoring a number
of parameters including electronic cycle convergence, temperature, presFe90Ni10-5 wt % C
1.5
1523 2.561 (0.004) 4.299 (0.019) 4.950 (0.015)
sure, potential energy of the systems, the partition of the kinetic energy
2.6
1473 2.555 (0.004) 4.292 (0.018) 4.946 (0.015)
of Fe, Ni, and C subsystems, and displacement of atoms, among other
3.8
1573 2.552 (0.003) 4.261 (0.021) 4.921 (0.016)
system parameters. The time step was 1 fs. The total energy drift was
4.8
1573 2.547 (0.003) 4.193 (0.018) 4.883 (0.013)
~2–5 meV/atom/ps. Extensive tests were performed to balance between
5.7
1573 2.546 (0.004) 4.207 (0.020) 4.886 (0.014)
the accuracy and duration of the simulations by systematically tuning
6.3
1673 2.544 (0.003) 4.216 (0.020) 4.884 (0.014)
6.7
1673 2.545 (0.006) 4.197 (0.045) 4.910 (0.031)
simulation parameters including those related to convergences, real
a
1673 2.543 (0.002) 4.219 (0.019) 4.895 (0.013)
6.3
space projection, and time step. After equilibrations, simulations run up
a
1673 2.541 (0.002) 4.234 (0.022) 4.897 (0.014)
6.8
to ~7 ps for statistical analysis. For comparison with our experimental
results, the intensities of radial distribution functions (RDFs) of different
Fe90Ni10-3 wt % C
ionic pairs (Fe-Fe, Fe-Ni, Ni-Ni, Fe-C, Ni-C, and C-C pairs) were scaled using
3.4
1773 2.546 (0.003) 4.289 (0.019) 4.935 (0.017)
4.2
1773 2.552 (0.003) 4.271 (0.024) 4.919 (0.018)
the scattering factors derived under the experimental conditions.
5.1
6.3
7.3

1773
1773
1773

2.543
2.544
2.542

(0.003)
(0.003)
(0.003)

4.203
4.182
4.179

(0.020)
(0.022)
(0.020)

4.885
4.876
4.872

(0.014)
(0.014)
(0.013)

Note. The r1 peak position for the ﬁrst NNs near 2.5 Å at each pressure was
ﬁtted by an exponentially modiﬁed Gaussian (ExpModGaussian) function
in the multipeak ﬁtting package of the Igor Pro software (WaveMetrics,
Lake Oswego, OR, USA). The peak for the second NNs at 4–5 Å was ﬁtted
by two Gaussian peaks r2s and r2m. Uncertainties were estimated from the
standard deviation of the ﬁttings enclosed in parentheses. Pressure uncertainty is typically about 0.15 GPa, and temperature uncertainty is about
25 K (Kono et al., 2014).
a
Data collected from a different experimental run with 80% of the collection time of the other data points.
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3. Results
3.1. Structure Measurements for the Fe-Ni-C Liquids
The total structure factor S(q) of the FeNi5C and FeNi3C liquids at each
pressure was obtained by analyzing the multiangle EDXD patterns collected at angles ranging from 4° to 33° in the Paris-Edinburgh large
volume press (Figures S2 and S3 for representative data). The ﬁrst sharp
peak or the main peak, q1, of S(q) characterizes the short-range order in
the ﬂuid. The q1 peaks of FeNi5C and FeNi3C at all pressures were ﬁtted
by Lorentzian functions, and we observed an apparent change in its
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Figure 2. Representative total structure factor S(q) and the reduced pair distribution function G(r) of Fe90Ni10-5 wt % C and
Fe90Ni10-3 wt % C liquids at high pressures and temperatures. (a) S(q) and (b) G(r) of Fe90Ni10-5 wt %C liquid up to 6.7 GPa,
(c) S(q) and (d) G(r) of Fe90Ni10-3 wt % C liquid up to 7.3 GPa.

positions at approximately 5 GPa (Figures 2a, 2c, and 3). The observed evolution of q1 position with pressure
implies that both FeNi5C and FeNi3C liquids may undergo structural change at approximately 5 GPa, similar
to the Fe-3.5 wt % C liquid (Shibazaki et al., 2015).
The PDFs, G(r), were obtained from the Fourier transformation of S(q)
using a maximum q range of 18.0 Å1 (Figures 2b, 2d, and S3b). The ﬁrst
peaks (r1) of the PDFs near 2.5 Å for both FeNi5C and FeNi3C liquids are
sharp and simple, which are associated with the short-range orders
(SROs) of the ﬁrst nearest-neighbor shell (NNs) (Figures 2b and 2d). As
shown in Figure 4, the peak positions r1 (~2.56 Å at 2 GPa) for both
FeNi5C and FeNi3C liquids are slightly lower than that of Fe (~2.58 Å
at 2 GPa) (Kono et al., 2015; Sanloup et al., 2000). For both the FeNi5C
and FeNi3C liquids, r1 decreases almost linearly with pressure and no
notable changes were observed up to the pressure of 7.3 GPa.

Figure 3. Pressure dependence of the main S(q) peak of the Fe-Ni-C
liquids. Solid red symbols denote data for the Fe90Ni10-5 wt % C and
Fe90Ni10-3 wt % C liquids from the present study. Open gray symbols
denote the data for the Fe-3.5 wt % C liquid (Shibazaki et al., 2015). The peak
position at each pressure was determined by ﬁtting the ﬁrst S(q) peak with a
Lorentzian function (Shibazaki et al., 2015). The dashed line serves as a
guide for eyes to show the change at approximately 5 GPa.

LAI ET AL.

At each pressure, the second NNs peaks (r ~ 4–5 Å) in G(r) for both
liquids show much richer features than the ﬁrst NNs peak at r1, indicating the SROs of the second NNs become more complex. In Figure 2, we
observed an obvious splitting of the second NNs peak of G(r) at each
pressure. The second NNs peaks were ﬁtted by two Gaussian-shaped
subpeaks: a shoulder peak at r2s and a main peak at r2m (Table 1 and
Figure 4). The r2s and r2m values for both liquids were found to drop
markedly at ~5 GPa; the magnitude of the change in r2s is approximately
0.1 Å at ~5 GPa, a factor of 2 of that for r2m (Figure 4). The change and
differentiation of r2s and r2m are indicative of a polyamorphic transition.
As shown in Figure 4, previous studies reported similar but somewhat
ambiguous changes of r2 associated with the second NNs for Fe (Kono
et al., 2015; Sanloup et al., 2000) and Fe-3.5 wt % C liquids (Shibazaki
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et al., 2015), in which the second peak was treated as a single peak in the
PDFs and observed to noticeably shift to lower values at ~5–6 GPa. The
previous observations of the changes in r2 with pressure for the Fe-rich
liquids, however, were not sufﬁcient to provide critical information on
liquid structure and its evolution with pressure. The underlying nature
of the liquid structure and structural transition at ~5 GPa may be
unveiled by interpreting the rich feature of the second NNs peak
observed in our study for FeNi5C and FeNi3C with the aid from our
MD calculations.
3.2. Molecular Dynamic Calculations for the Fe-Ni-C Liquids

Figure 4. Pressure dependence of the peak positions for the ﬁrst and second
nearest-neighbor shells (NNs) from the reduced pair distribution functions
G(r) of Fe90Ni10-5 wt % C and Fe90Ni10-3 wt % C liquids (this study), Fe3.5 wt % C liquid, and Fe liquid (Kono et al., 2015; Sanloup et al., 2000;
Shibazaki et al., 2015). The ﬁrst peaks of G(r) at 2.5–2.6 Å are ﬁtted by one
single peak (r1) in all the studies in the ﬁgure. The second peaks of G(r) are
ﬁtted by one single peak (r2) in other studies (Kono et al., 2015; Sanloup et al.,
2000; Shibazaki et al., 2015) but are best ﬁtted by two subset peaks shown as
a shoulder peak (r2s) at ~4.2–4.3 Å and a main peak (r2m) at ~4.87–4.95 Å
for the Fe-Ni-C liquids in this study. The uncertainties were estimated from
standard deviations of the peaking ﬁttings.

We performed ﬁrst-principles MD calculations for the Fe91Ni9-5 wt % C
liquids to decipher the nature of the observed polyamorphic transition.
Our computational results can reproduce the peak positions and peak
shapes of PDFs for the FeNi5C liquids (Figure 5): The ﬁrst NNs peaks of
the FeNi5C liquid shown as r1 in the PDFs and the second NNs peaks
at 4–5 Å are dominated by Fe-Fe and Fe-Ni pairs (Kono et al., 2015;
Sanloup et al., 2000). Notably, our computational results indicate that
the peak at approximately 1.8 Å corresponds to Fe-C and Ni-C pairs
(Figure 5). This peak, however, becomes considerably small after normalizing the computed PDFs using their X-ray scattering factors,
because the carbon atom has an X-ray scattering factor 50 times lower
than Fe and Ni. Our experimental PDFs of FeNi5C and FeNi3C liquids also
show a weak but visible peak at ~1.8–1.9 Å at each pressure of the measurements (Figures 2 and S3). As suggested by our MD simulations and
previous MD results (Sobolev & Mirzoev, 2013), this peak is associated
with the Fe-C pairs. The calculated PDFs from MD simulations yield no
peak or zero intensity for r < 1.6 Å. It should be noted that the peaks
for r < 1.6 Å in the experimentally determined PDFs have no physical
meanings and are likely due to the artifact from the Fourier transformations of S(q) data at limited q ranges.

Similar to our experimental results, the computed second NNs peaks in
G(r) for the Fe-Ni-C liquid at 1.3, 8.4, and 16.1 GPa (at 1673 K) are asymmetric and may imply complex SROs of the second NNs (Figure 5). The splitting of the second NNs peaks
appears to be intrinsic to the liquid structure, from which critical liquid structural information can be retrieved
for better understanding the nature of the liquid structural transition at ~5 GPa. The origin of the splitting of
the second NNs peak has been computationally investigated for metallic glasses and liquids from the perspective of different connection schemes of atomic packing motifs (e.g., Ding et al., 2015). That is, four different schemes of coordination polyhedral connections with the shared atoms from one to four contribute to
the complex features of the second NNs peak. The linked coordination polyhedra are corner shared for the
one-atom scheme, edge shared for two-atom scheme, and face shared for three- and four-atom schemes.
pﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ
The ideal positions of the second NNs peak of the four schemes are 2r1, 3r1, 8=3r1, and 2r1, respectively
(Ding et al., 2015).
The atomic correlations contributing to the second NNs peaks in PDFs of the Fe-Ni-C liquids were evaluated
using the connection schemes of Fe/Ni atomic packing motifs. Fe/Ni atomic packing motifs in the liquids are
the polyhedra of the ﬁrst Fe/Ni-Fe/Ni NNs with a coordination number (CN) ranging from 11.8 to 12.2 from
ambient pressure to 8.4 GPa, which reﬂects the near-optimal packing of hard spheres of Fe/Ni atoms.
Figure 6 shows the calculated partial PDFs for the Fe/Ni-Fe/Ni pairs and the decomposed PDFs for the ﬁrst
NNs and second NNs via one-atom, two-atom, three-atom, and four-atom coordination polyhedra connections at 1.3 and 8.4 GPa. The PDF peak for the three-atom faced-shared connection appears to be stronger
in intensity and thus markedly favored at higher pressure of 8.4 GPa, whereas those for other connection
schemes, the intensities of the peaks become relatively weaker (Figure 6). The peak for the three-atom
scheme has lower r value, likely responsible for the marked reduction in the r2s and r2m values at >5 GPa
observed from our experiments (Figure 6).
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With the guides from the MD calculations, we further illustrated the
spectral analyses of the experimentally determined G(r) within the framework of the connection schemes. The G(r) peaks of liquids are characteristically broader than those of metallic glasses, normally resulting
from the vibrational thermal contributions by high temperatures in
liquids. Figure 7 illustrates the representative spectra analyses of the
FeNi3C liquid at 3.4 and 7.3 GPa. It is extremely difﬁcult, if at all possible,
to deconvolute the second NNs peak to three or four peaks related to
the four connection schemes (Ding et al., 2015). As shown in Figure 7,
the ideal peak positions of the two-atom and three-atom schemes are
pﬃﬃﬃﬃﬃﬃﬃﬃ
close to each other, with two-atom scheme at 8=3 r1 and three-atom
pﬃﬃﬃ
scheme at 3 r1. At <5 GPa, as represented by the 3.4 GPa data, the
ﬁtted position of r2s locates in between the ideal positions for the twoatom and three-atom schemes, indicating that the fraction of the
three-atom peak is comparable to that of the two-atom peak.
However, at >5 GPa, the ﬁtted peak position of r2s, as represented by
the 7.3 GPa data, locates almost on top of the ideal position for the
three-atom scheme, implying an increased contribution from the
three-atom polyhedral connections compared to that from the twoatom connections in the liquid, consistent with the theoretical results
as demonstrated in Figure 6. Nevertheless, the observed splitting of
the second NNs peaks in the PDFs infers the inherent structure of the
liquids that could be characterized by the different connection schemes
of atomic packing motifs and their relative fractions in the liquids.
The ﬁtted positions of r2s and r2m plotted against r1 from our experimental data provide further support for the liquid structure and the inferred
motif connection schemes changes at approximately 5 GPa (Figure 8).
The r2m data points are between the ideal positions for one-atom and
two-atom connection schemes, but closer to those for the one-atom
connection scheme. Before the structural transition at around 5 GPa,
Figure 5. Computational total and partial RDFs of Fe91Ni9-5 wt % C liquid.
the r2s data points are between those for the two-atom and three-atom
The RDFs are normalized by the scattering coefﬁcients of corresponding
connection schemes. After the transition, both the r2m/r1 and r2s/r1 ratios
pairs. The experimental results of Fe90Ni10-5 wt % C at similar P-T condition
were also appended for comparison.
drop noticeably. Particularly, the r2s peak positions mostly fall toward
the line for the three-atom connection scheme at >5 GPa. This is probably caused by the favoring of the three-atom connection scheme after
the liquid structural transition. As indicated by the computed partial PDFs in Figure 6, the r2s peaks can be
explained by the contributions mainly from the three-atom face-shared connection scheme with its ideal
pﬃﬃﬃﬃﬃﬃﬃﬃ
position at 8=3r1 and partly from four-atom face-shared and two-atom edge-shared connection scheme.
The favoring of the three-atom connection scheme with relatively low ideal r values can thus cause the reduction in r2s across the liquid structure transition.
Our MD simulations provide critical information on C-Fe/Ni and Fe/Ni-Fe/Ni coordination environments. The
calculated average coordination number (CN) of ﬁrst NNs for the C-Fe/Ni coordination continuously increases
from ~6.5 at ambient pressure to 7.0 at 8 GPa, 7.9 at 30 GPa, and 8.5 at 67 GPa, whereas the cutoff distance for
the C-Fe/Ni coordination decreases from 2.81 to 2.76 Å, 2.73 Å, and 2.71 Å at respective pressures. Our calculated partial CN of the Fe/Ni-Fe/Ni second NNs with three-atom connections increases prominently from ~8.5
at 1.3 GPa to ~10.0 at 8.4 GPa across the structural transition, whereas the calculated partial CNs of other connection schemes of the second NNs decrease slightly in the pressure range studied. The calculated total CNs
for the Fe/Ni-Fe/Ni coordination have an initial increase from 11.8 to 12.2 across the liquid structural transition but remain almost constant at 12.2 at 5–67 GPa. A previous study suggested that regions with Fe3C-like
structure (a deformed epsilon(ε)-Fe lattice) exist in the Fe-C liquids when the carbon concentration is higher
than 3 wt % at ambient condition (Sobolev & Mirzoev, 2013). As revealed by our MD calculations, the C-Fe/Ni
polyhedra are also found in the liquid structure and they become severely distorted as compared to crystal
Fe3C structure at high pressure (Figure S4).
LAI ET AL.

FE-NI-C LIQUID STRUCTURAL CHANGE

9750

Journal of Geophysical Research: Solid Earth

10.1002/2017JB014835

Figure 6. The total RDFs and the decomposed RDF for the second coordination connection schemes at (a) 1.3 GPa, 1673 K
and (b) at 8.4 GPa, 1673 K. (c) The inset: A snapshot of MD simulations with the computational super cell highlighted in
dashed lines. The highlighted polyhedra are one-atom corner-shared (red), two-atom edge-shared (blue), three-atom
face-shared (magenta), and four-atom distorted face-shared (green) connections of Fe/Ni atom with their second nearest
neighbors. Center atoms in the polyhedra are Fe/Ni atoms, with their sizes enlarged for clarity.

4. Discussion and Geophysical Implications
The viscoelastic properties, such as the density, sound velocity, and viscosity of the Fe-Ni-C liquids may be
affected by the observed structural change at ~5 GPa. Indeed, recognizable compressibility behavior anomalies reported for liquids Fe-5.7 wt % C (Sanloup et al., 2011), Fe-6.7 wt % C (Terasaki et al., 2010), and Fe3.5 wt % C (Shimoyama et al., 2013) at ~5 GPa can be readily explained by the liquid structure transition.
Measurements for viscosity (Terasaki et al., 2006) and sound velocity
(Kuwabara et al., 2016; Shimoyama et al., 2016) for Fe-(Ni)-C liquids are
limited to <5 GPa or extremely sparse, and the effect of structural transition on these properties remains unclear. On the analogy of metallic
glass systems in which clusters with three-atom connections are stiffer
than the two-atom and four-atom counterparts (Ding et al., 2015),
higher viscosity is anticipated for the Fe-Ni-C liquids with higher fraction
of three-atom connections above ~5 GPa.

Figure 7. Representative experimentally determined G(r) for the Fe90Ni103 wt % C liquid at 3.4 GPa and 7.3 GPa and the ﬁttings of the ﬁrst and
second NNs peaks. The ﬁrst NNs peak was ﬁtted by the ExpModGaussian
function (gold color) and the second NNs peak was ﬁtted with two Gaussian
peaks (dark magenta and blue color). The ﬁtted r1 position and the derived
ideal positions for one-atom, two-atom, and three-atom connection schemes
were illustrated using gray vertical lines. See text for the detailed discussion.

LAI ET AL.

The understanding of the structural evolution of metallic liquids upon
pressure is essential for modeling the structure and dynamics of terrestrial planets and moons with relatively low core-mantle boundary pressures of ~5–8 GPa, such as the Moon, Mercury, Ganymede, and Europa
(Chen et al., 2008; Dasgupta et al., 2009; Garcia et al., 2011; Hauck
et al., 2013). For larger terrestrial planets such as Mars, Venus, and the
Earth, the extrapolation of liquid properties measured at low to moderate pressures needs to be performed with extreme caution and
structural evolution of Fe-rich liquids needs to be considered so as to
construct realistic and reliable geophysical models for the outer cores.
Liquid structure and pressure-induced polyamorphic transitions of
the Fe-Ni-C liquids, as revealed by the cooperation between experiments and calculation, may have important implications into the
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physicochemical evolution of terrestrial planets and moons. The distinct
isotopic compositions of bulk silicate Earth (BSE) in comparison with
other terrestrial planets or planetesimals (i.e., Vesta and Mars) and primitive undifferentiated meteorites (chondrites) may own their origin to the
metal-silicate differentiation during the core formation. Earth, Mars, and
Vesta have all undergone core formation and therefore should exhibit
similar isotopic signatures. However, many mantle-derived rocks of the
Earth have relative enrichments of heavy carbon and iron isotopes,
related to Mars, Vesta, and primitive undifferentiated meteorites (chondrites) (Poitrasson et al., 2004; Polyakov, 2009; Wood et al., 2013). The
metal-silicate equilibration under different physicochemical conditions
that prevailed during core formation could have left behind distinct
geochemical signatures in the silicate mantles; the pressure at the bottom of deep magma ocean in proto-Earth is likely ~50–60 GPa, whereas
the pressure is likely <5 GPa for smaller terrestrial planets, moons, and
planetary bodies such as Mars and Vesta (Wood et al., 2013). The equilibration might have taken place between the high-pressure forms of
liquid iron-rich metals such as the Fe-Ni-C liquids and mantle-forming
silicates for the Earth. The low-pressure forms of metallic liquids might
have been involved in the metal-silicate separation in Vesta and Mars.
Our calculated results for the C-Fe/Ni coordination show that the highpressure liquid phase has a CN of ~7.0 at 8 GPa, an ~8% increased from
6.5 for the low-pressure liquid phase, while the C-Fe cutoff distance
Figure 8. The peak positions r2s and r2m as a function of r1. Solid symbols are
decreases by ~2% from 0 to 8 GPa. For the Fe/Ni-Fe/Ni coordination,
peak ﬁtting results from this study and open symbols are peak ﬁtting results
the CN increases from 11.8 to 12.2 (~3%) from ambient pressure to
from previous studies (Kono et al., 2015; Sanloup et al., 2000; Shibazaki et al.,
2015). Dashed lines represent the ideal positions for one-atom, two-atom,
8.4 GPa, while cutoff distance decrease from 3.49 Å to 3.42 Å (~2%).
three-atom, and four-atom motif connections. The data in the green shaded
Schauble (2004) noted that generally lighter stable isotopes preferenareas represent the high-pressure liquid phase >5 GPa.
tially occupy the higher coordinated sites with long and weaker bonds
and heavier isotopes prefer lower coordinated sites with short and
stronger bonds. The profound changes in CNs of both C-Fe/Ni and Fe/Ni-Fe/Ni coordination environments
enhanced by the polyamorphic transition at 5 GPa may lead to intriguing isotope signatures in core-forming
and mantle-forming materials in terrestrial bodies. Compared to the low-pressure Fe-Ni-C liquid phase, the
high-pressure liquid phase with higher Fe-C and Fe-Fe coordination, involved in the formation of the
Earth’s core, is able to preferentially sequester lighter Fe or C isotopes into the core. Therefore, distinct geochemical traces in the BSE may have been rendered by the pressure-induced structural change of the coreforming metals during formation of planetary cores. Liquid structure and onset of pressure-induced structural
change depend on the species and concentrations of light elements in liquid Fe. Further investigations are
thus needed to understand the structural evolution and determine the viscoelastic properties of Fe liquids
alloyed with other light elements at high pressures.

5. Conclusions
The cooperation between experiments and computations has provided critical information on the structural
evolution of the Fe-Ni-C liquids with pressure. X-ray diffraction measurements on FeNi5C and FeNi3C liquids
have been conducted in a Paris-Edinburgh press up to 7.3 GPa. The notable changes of the rich features of
the second NNs peaks in the derived PDFs were used as primary indication of a polyamorphic liquid structural
transition at ~5 GPa for both liquids. The changes are manifested as notable reduction in peak positions of
the subpeaks of the second NNs at around 5 GPa for both liquids. The structural evolution of the liquids upon
compression was further investigated by the ﬁrst-principles MD calculations. We found that the liquid structural transition is likely due to the notable favoring of the three-atom polyhedra connections of Fe-Ni atomic
motifs in the high-pressure liquids at >5 GPa, in comparison to the low-pressure counterpart. The computed
CNs for the Fe/Ni-Fe/Ni coordination environment show a slight increase up to 5 GPa and become almost
constant at 5–67 GPa. In contrast, the computed CNs for the C-Fe/Ni coordination environment exhibit a signiﬁcant increase from 6.5 at ambient pressure to 8.5 at 67 GPa. The structural evolution of liquid iron alloys
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upon compression, as exempliﬁed by the Fe-Ni-C liquids in this study, may have signiﬁcant effect on the
liquid properties, such as viscosity, sound velocity, and density. The liquid structure change may also inﬂuence the partitioning behaviors of major or trace elements and isotopic fractionation between metal and silicates during planetary core formations. As such, our ﬁndings may provide unique insights into the core
formation processes that set the Earth apart from other planets or planet-forming bodies, particularly in
terms of geochemical signatures. The distinct geochemical imprints (i.e., iron and carbon isotopes) left
behind by the formation of the Earth’s core, in comparison with other terrestrial planets or planetary bodies
(i.e., Mars and Vesta) and primitive undifferentiated meteorites (chondrites), may own their origins to the
liquid structural change. The knowledge of the polyamorphic transitions in core-forming liquid iron alloys
is thus crucial for our understanding of the chemical evolution of terrestrial planets and moons.
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